To date, little information is known about the operation of the enhanced biological phosphorus removal (EBPR) process in tropical climates. Along with the global concerns on nutrient pollution and the increasing array of local regulatory requirements, the applicability and compliance accountability of the EBPR process for sewage treatment in tropical climates is being evaluated. A sequencing batch reactor (SBR) inoculated with seed sludge from a conventional activated sludge (CAS) process was successfully acclimatized to EBPR conditions at 28 W C after 13 days' operation. Enrichment of Candidatus Accumulibacter phosphatis in the SBR was confirmed through fluorescence in situ hybridization (FISH). The effects of operational pH and influent C:P ratio on EBPR were then investigated. At pH 7 or pH 8, phosphorus removal rates of the EBPR processes were relatively higher when operated at C:P ratio of 3 than C:P ratio of 10, with 0.019-0.020 and 0.011-0.012 g-P/g-MLVSS•day respectively. One-year operation of the 28 W C EBPR process at C:P ratio of 3 and pH 8 demonstrated stable phosphorus removal rate of 0.020 ± 0.003 g-P/g-MLVSS•day, corresponding to effluent with phosphorus concentration <0.5 mg/L. This study provides the first evidence on good EBPR activity at relatively high temperature, indicating its applicability in a tropical climate.
INTRODUCTION
Due to the rapid population growth and urbanization as well as the lack of appropriate water management systems, water pollution has become a significant challenge in many developing countries, including Malaysia. One of the consequences of this widespread water pollution is the occurrence of eutrophication caused by the excessive nutrients, phosphorus and nitrogen, loading into the water bodies. From a survey conducted on the status of eutrophication in Malaysia, 60% of the 90 lakes and reservoirs assessed were eutrophic and the rest mesotrophic (Anton et al. ) . The results showed the severity of eutrophication in Malaysia and called for measures to prevent its proliferation.
In preventing eutrophication, phosphorus removal from sewage has been considered as a key strategy (Meganck & Faup ) . The need for nutrient removal from sewage has gained attention from the Malaysian regulatory authority. In 2009, the Malaysian government revoked the Environmental Quality (Sewage and Industrial Effluents) Regulations 1979 (Malaysia Department of Environment ) to the Environmental Quality (Sewage) Regulations 2009 (Malaysia Department of Environment ) which lists the discharge limits of phosphorus and nitrogen. Phosphorus discharge limits imposed on effluent releasing into upstream and downstream water bodies of a water supply intake are 5 and 10 mg/L respectively. Although these discharge limits are still far higher than the reported threshold limit, 0.5 mg P/L, in preventing eutrophication (Dunne & Leopold ) , the introduction of nutrient discharge limits in 2009 marked the first positive move of the government in abating eutrophication.
With the nutrient discharge limits introduced, the new local sewage treatment plants (STPs) are facing the challenge to remove nitrogen and phosphorus from the sewage, in addition to organic matter. For phosphorus removal, the enhanced biological phosphorus removal (EBPR) process is undoubtedly an efficient, economical and sustainable technology (Liu et al. ) to be considered by the local STP operators. The EBPR process has been widely adopted in STPs for phosphorus removal. However, the technical and process knowledge about EBPR processes has been derived mainly from the laboratory reactors and real plants operated in regions with temperate climate such as North America, Europe, and Japan (Cao ) . There is still limited knowledge on how EBPR works in tropical climates with relatively high temperature around 25-32 W C. Thus, there is an urgent need to find the operational specifications that best suit the tropical regions. The operational parameters that influence EBPR efficiency include pH, carbon source, influent C:P ratio and temperature. As reviewed by Oehmen et al. () , many researchers have examined the effect of pH on EBPR performance. Smolders et al. () and Fleit () reported pH 5 caused complete deterioration of EBPR process performance while Liu et al. () suggested the optimum pH for EBPR process ranged from 6.5 to 8.0. The C:P ratio is essential to create a favorable environment for the growth of polyphosphate-accumulating organisms (PAOs) (Water Environment Federation ). Extremely low chemical oxygen demand: total phosphorus (COD:TP) ratio (<< 10:1) is believed to cause EBPR failure as polyhydroxyalkanoates storage could be too low to encourage intracellular-P storage, whereas excessive COD:TP ratio was found to inhibit the growth of PAO (Randall & Chapin ) . On temperature effect, many studies have pointed out that higher temperature (>20 W C) is not favorable for EBPR. Panswad et al. () observed the ratio of PAOs to glycogen-accumulating organisms (GAOs) decreased simultaneously with the decreased in phosphorus removal when operational temperature increased from 20 to 30 W C.
Unlike PAOs, GAOs take up carbon source at a faster rate in anaerobic condition, but they do not perform phosphorus uptake in aerobic condition (Lopez-Vazquez et al. ) . This work aims to examine the performance of the EBPR process which operated at a relatively high temperature of 28 W C, specifically in terms of the required cultivation period of EBPR sludge and the process stability. The influence of operational parameters, C:P ratio and operational pH, on phosphorus removal performance was also evaluated. The results obtained would be useful in devising an operational strategy for the EBPR process in the tropics, a focus that is still in its infancy.
MATERIALS AND METHODS

Operation of reactors
EBPR sludge cultivation
A 2-L alternating anaerobic/aerobic sequencing batch reactor (SBR), henceforth named SBR A, was set up for the cultivation of EBPR sludge. Seed sludge was collected from a conventional activated sludge (CAS) process of an STP located in Selangor, Malaysia. The initial mixed liquor suspended solids (MLSS) in the reactor was about 2,800 mg/L. SBR A was operated at room temperature of 28 ±1 W C, and for six cycles per day with 4 hours for each cycle. The operational pH was controlled at 7.00 ± 0.05 by adding either 0.5 M HCl or 0.5 M NaOH. Each SBR cycle consists of five phases, 11 minutes of filling, 1 hour of anaerobic and 2 hours of aerobic conditions, followed by 40 minutes of settling and 9 minutes of decanting. The anaerobic period was achieved by nitrogen purging during the first 10 minutes of the anaerobic period. The aerobic condition was maintained by delivering air from an air compressor to the mixed liquor at a flowrate of 1.0 L/minute. Solids retention time and hydraulic retention time were 10 days and 10 hours respectively. Synthetic wastewater was used in the SBR operation. The SBR was operated at 50 mg C/L feed, with acetate, yeast extract and peptone as carbon sources. The nutrients concentrations in the feed were as follows ( 
Effect of operational pH and influent C:P ratio
With the EBPR sludge cultivated in SBR A, two 2-L SBRs, henceforth named SBR 1 and SBR 2, were set up for the operation of EBPR processes to study the effect of influent C:P ratio and operational pH. The reactor configurations and the operational conditions of both SBRs were similar to those of SBR A. The operation strategy for all SBRs is presented in Figure 1 . Influent C:P ratio of the synthetic wastewater fed into SBR1 was designed at 3:1 (equivalent to COD:P ratio of 10:1; nutrient compositions of feed were the same as for SBR A), while C:P ratio of SBR 2 was designed at 10:1 (equivalent to COD:P ratio of 30:1) with carbon concentrations three times higher than SBR A and SBR 1. For the first 42 days (6 weeks) of SBRs operation, operational pH for SBR 1 and SBR 2 was controlled at 7.00 ± 0.05. Then, there was a transition period in which the operational pH was increased gradually from 7 to 8. From day 77 until day 120 of the operation, both SBRs operated at pH 8.00 ± 0.05 with the influent C:P ratio remaining unchanged. The EBPR performances for both SBRs were monitored weekly by evaluating the concentration profile of DOC, PO 4 3À -P, MLSS and MLVSS.
Fluorescence in situ hybridization (FISH)
FISH was applied to the sludge samples to detect the presence of most common PAOs, Candidatus Accumulibacter phosphatis ('Accumulibacter'). 2500, Leica, German) and images were captured with a cooled charged-coupled device camera (Model DFC 310 FX, Leica, German). A minimum of 20 microscopic fields was captured randomly for each sample. The areas of each image that were positive for the PAOmix and EUBmix probes were measured using image analysis software, VideoTesT-Morphology 5.1. Cells hybridized to PAOmix probe in each field were statistically expressed as a percentage of the total area of bacteria hybridizing to the EUBmix.
RESULTS AND DISCUSSION EBPR sludge cultivation
PAOs exhibit distinctive carbon and phosphorus uptake and release patterns during the anaerobic and aerobic phase of the EBPR process. Thus, the concentration profiles of DOC and PO 4 3À -P in the selected cycles throughout the SBR A operation were monitored, as shown in Figure 2 (a) and 2(b). From Figure 2 (a) and 2(b), there was still no sign of EBPR characteristics in SBR A after 5 days of inoculation by CAS. More carbon substrate was consumed during the aerobic phase (42.3 to 16 mg C/L) than the anaerobic phase (51.9 to 42.3 mg C/L). As for the phosphorus profile in Figure 2(b) , there was neither a significant increment in the anaerobic phase nor a reduction in the aerobic phase. Slight reduction of PO 4 3À -P level in the bulk liquid environment of the aerobic phase, from 17.8 to 11.3 mg/L, resulted from the needs for bacterial growth and metabolism. These observations indicated that PAOs have yet to be enriched in SBR A. The typical carbon and phosphorus uptake profiles of the EBPR process emerged after 13 days of sludge acclimatization. From Figure 2(b) , a drastic increase of anaerobic PO 4 3À -P release occurred from day 13 of SBR A operation.
This was caused by hydrolysis of polyphosphate that produced the energy required for anaerobic carbon uptake. This observation was concomitant with the significant anaerobic carbon uptake during the same period of reactor operation (Figure 2(a) ). Apart from chemical analyses, FISH targeting 'Accumulibacter' (PAOmix-positive cells) was applied to the seed sludge sample and the sludge sample on day 33 from SBR A. Figure 2 (c) and 2(d) show the FISH images taken on both samples. As expected, a very low percentage of 'Accumulibacter' PAOs was detected in the seed sludge collected from the CAS process, around 1% of eubacterial cells (Figure 2(c) ). As for the EBPR sludge, the numbers of 'Accumulibacter' detected by FISH were much higher with around 36%, shown in Figure 2 
Effect of operational pH on phosphorus removal
The PO 4 3À -P profiles throughout the 120 days operation of SBR 1 and SBR 2 are shown in Figure 3 (a) and (b) respectively. When SBR 1 was operated at pH 7, effluent phosphorus concentration of the monitored cycles were improved and maintained between 1.3 and 1.9 mg/L from day 21 until day 42. The effluent phosphorus concentrations remained constant at around 0.5 mg/L until day 120 of SBR 1 operation when the operational pH switched to pH 8 on day 77. As for SBR 2, when pH was controlled at pH 7, the effluent phosphorus concentrations were between 1.4 and 1.7 mg/L. With the switch of operational pH to 8, the average effluent phosphorus concentration of SBR 2 was around 1.0 mg/L from day 77 until day 120. Table 1 summarizes the phosphorus removal rate (g-P/g-MLVSS•day).
Figure 3 also shows that pH 8 induced a higher anaerobic phosphorus release in SBR 1 and SBR 2. At a higher pH, the pH gradient increases and results in an increase in electrical potential difference across the cell membrane and external cell environment (Smolders et al. ) . Thus, more energy is required for anaerobic carbon uptake and it will then be generated by increasing intracellular polyphosphate breakdown. Many researchers (Abu-ghararah & Randall ; Smolders et al. ; Liu et al. ; Filipe et al. ) have reported the similar observation at pH higher than 7, whereby the aerobic phosphorus uptake is proportional to the anaerobic phosphorus released.
Effect of influent C:P ratio on phosphorus removal
As shown in Figure 3 , at pH 7, the phosphorus removal performance for SBR 1 with C:P of 3 (equivalent to COD:P ratio at 10:1) and SBR 2 with C:P of 10 (equivalent to COD:P ratio at 30:1) was similar in producing about 1.4 mg P/L in the effluent. With pH controlled at pH 8, SBR 1 showed higher phosphorus removal performance than SBR 2, with 0.5 and 1.0 mg P/L in the effluent respectively. However, SBR 1 with lower C:P ratio at 3 demonstrated higher phosphorus removal rate compared with SBR 2, regardless of pH value applied (as shown in Table 1 ). Phosphorus was efficiently removed in SBR 1 even with lower biomass concentration. Various observations have been reported on the effect of COD:P ratio on EBPR performance. Randall et al. () suggested a COD:P ratio greater than 40 was usually needed to achieve an effluent phosphorus concentration less than 1 mg/L. However, this study shows that good EBPR performance was not restricted to the system with high COD:P ratio. A similar observation has also been reported by Yagci et al. () and Oehmen et al. () where effective phosphorus removal was achieved at COD:P ratios between 7 and 10 using domestic wastewater (400 mg COD/L) and COD:P ratio of 15:1 with 800 mg/L COD from propionate as a sole carbon source. The presence of a COD:P ratio preference exhibited by different microbial communities in different EBPR systems could have led to these different observations obtained.
Feasibility of operating EBPR process in tropical climates
In this study, the highest phosphorus removal rate of 0.020 ± 0.005 g-P/g-MLVSS•day (0.5 mg P/L in the effluent) was achieved in SBR 1 when operating at C:P ratio of 3 and operational pH 8. To examine the long-term stability of this high-temperature EBPR process, SBR 1 was continuously operated for 1 year. During the 1-year operation, the phosphorus removal rate was stably maintained at 0.020 ± 0.003 g-P/g-MLVSS•day, producing effluent with phosphorus concentration <0.5 mg/L.
The encouraging EBPR shown in this work contradicts the poor EBPR performance always reported by researchers who studied the effect of higher temperature (>20 
CONCLUSIONS
This study provides the first report on a successful long-term operation of the EBPR process at a relatively high temperature. EBPR sludge was successfully cultivated at 28 W C in 2 weeks by using seed sludge from a local CAS process.
Operating at pH 7 and pH 8, the phosphorus removal rates of the 28 W C EBPR processes were higher at C:P ratio of 3. With C:P ratio 3 and pH 8, phosphorus removal rate of 0.020 ± 0.003 mg-P/mg-MLVSS•day was stably maintained in the EBPR reactor and produced effluent with <0.5 mg P/L for an extended period of 1 year. The stable EBPR performance observed in this study is in contradiction with the earlier claims of poor phosphorus removal performance observed in EBPR processes operated at temperature higher than 20 W C. This work provides useful information for the operation of EBPR in tropical regions, which has been scarce to date. Research on the microbiology of this high temperature EBPR process is also awaited to elucidate the microbial community involved.
